ABSTRACT: For many marine ecosystems, uncertainty about nursery locations and the spatial dynamics of juvenile fish impedes our understanding of fish production. Walleye pollock Gadus chalcogrammus occur throughout the coastal North Pacific Ocean and support some of the world's largest fisheries. We used otolith microchemistry to answer questions about whether cohorts of young-of-the-year (age-0) walleye pollock are spatially split in the western Gulf of Alaska (GOA). Demographics indicate a possible cohort split between habitat influenced by the Alaska Coastal Current (ACC) (Semidi regions) and habitat more influenced by oceanic influxes (Kodiak region). We used a stratified-random sampling design to select 204 age-0 juveniles collected with a small-mesh trawl during late summer 2007 and 2011. Laser ablation-inductively coupled plasma mass spectrometry was then used to measure the composition of elements assimilated into their otoliths within 1 wk of capture (otolith edge) and over their life histories (otolith edge to core). Otolith edge chemistry varied by region of capture, primarily in strontium:calcium (Sr:Ca), barium:Ca (Ba:Ca), and manganese:Ca (Mn:Ca). Semidi-region otoliths were discriminated from Kodiak otoliths by lower Sr:Ca and higher Ba:Ca and Mn:Ca with 78% (2007) and 79% (2011) success. We estimated that exchange between these 2 habitats was limited for ≥ 3 (2007) and ≥7 (2011) weeks, sufficient to explain observed demographic differences. We hypothesize that a Semidi− Kodiak split buffers the western GOA population against losses due to density-dependent mechanisms and downstream transport.
INTRODUCTION
Spatial and temporal resolution of variability in fish production is needed to advance our understanding of marine ecological processes and improve resource management. Spatial dynamics research, including connectivity between specific life stages and nursery locations (Gillanders et al. 2003 , Dahlgren et al. 2006 , Sheaves et al. 2006 , provides context for recruitmentprocess studies (e.g. Jorde et al. 2007 , Pineda et al. 2007 , Skagseth et al. 2015 , Whitfield & Pattrick 2015 , André et al. 2016 , Nagelkerken et al. 2017 . Spatial structure in fish populations and movements often reflect environmental influence and can complicate our understanding of the recruitment process (Secor 2015) . For example, cohorts (year classes) of white perch Morone americana, an anadromous species in the Patuxent River estuary, USA, spatially split into dispersive and retentive contingents whose proportional abundance relates to river flow (Kraus & Secor 2004 , Kerr et al. 2010 . The dispersive contingent moves to brackish-water habitat where juvenile growth rates are relatively high and where episodic high survival can lead to strong year classes, whereas the resident contingent remains in fresh water and provides a relatively stable base of low recruitment (Kerr et al. 2010) . This complicates the assignment of nursery value to the different habitats because each contingent contributes differently to overall population productivity, stability, and resilience (Kraus & Secor 2005 , Secor 2007 ). Among marine species, spatial structuring of Atlantic cod Gadus morhua (Smedbol & Wroblewski 2002) and herring Clupea harengus (McQuinn 1997) populations has been described using metapopulation theory to better understand subpopulation interactions and overall population persistence. Spatial structuring has also been suggested for walleye pollock Gadus chalcogrammus in the North Pacific Ocean, but more empirical evidence is needed to better understand its role in the recruitment process (Bailey et al. 1999) . Fish otoliths are well suited for studying environment-related spatial structure and movement of fish because the elemental composition of otoliths can vary with ambient water properties, effectively tagging (or 'fingerprinting') individuals in habitats of different hydrographic properties (Campana 1999 , Chang & Geffen 2013 , Kerr & Campana 2014 .
Walleye pollock G. chalcogrammus (previously Theragra chalcogramma; Carr & Marshall 2008 , Page et al. 2013 ) support some of the world's largest fisheries, contributing the greatest biomass of any marine species in 2014 (FAO 2016) . Walleye pollock are common over the outer continental shelf and slope throughout the North Pacific Ocean (Bailey et al. 1999) . They are a semi-pelagic schooling gadid; individuals can live 20 yr (Bailey et al. 1999 ) and reach 91 cm in total length (Mecklenburg et al. 2002) . Their reproductive potential is great (e.g. Dorn et al. 2015) , given that 50% maturity is attained at about age 5, fertilization is external, and fecundity is high. Early life-history stages are planktonic and easily dispersed (e.g. Kendall & Picquelle 1990 , Hinckley et al. 1991 . Populations are sustainably managed according to a precautionary approach (e.g. Dorn et al. 2015) , but walleye pollock undergo large fluctuations in year-class strength (e.g. Bailey et al. 1999 , DuffyAnderson et al. 2016 .
In the Gulf of Alaska (GOA), most walleye pollock occur west of 150°W longitude, reflecting the location of major spawning areas and coastal ocean transport (Mueter & Norcross 2002) . While multiple spawning areas occur in the western GOA (Ciannelli et al. 2007) , genetic structure within this western population has not been well investigated (Dorn et al. 2012) . The largest and most intensively studied concentration of spawning adults is in the Shelikof sea valley (Bailey et al. 1999) , where peak spawning occurs from March to May (Picquelle & Megrey 1993) . Subsequent peak hatching occurs in April/ May ) and the larvae are about 4 mm standard length (SL) at hatch (Blood et al. 1994) . Larvae are transported from the Shelikof sea valley southwestward over the shelf by the Alaska Coastal Current (ACC) (Hinckley et al. 1991) , and population densities of larvae in these downstream areas can lead to density-dependent losses (DuffyAnderson et al. 2002) . As the putative major nursery for Shelikof-spawned juveniles, the inner and outer continental shelf regions between Shelikof Strait and the Shumagin Islands have received much research focus (e.g. Wilson 2009 , Dougherty et al. 2012 , Wilson et al. 2013 ; hereafter, we refer to these as the Semidi inner-shelf and outer-shelf regions (see Fig. 1 ). Hatchdate analysis in combination with circulation modeling indicates that many, but not all of the juveniles in these regions originate from the Shelikof sea valley (Dougherty et al. 2012) . By late summer, young-ofthe-year (age-0) juveniles (40 to 110 mm SL) are common in coastal areas throughout the entire western GOA (Brodeur & Wilson 1996a , Wilson 2000 .
The spatial pathway of age-0 juvenile-to-adult recruitment has been difficult to resolve, but could be important to understanding overall population dynamics. A major challenge to resolving this pathway has been the widespread and variable geographic distributions of age-0 abundance (Brodeur & Wilson 1996a ) and the existence of multiple spawning areas (Ciannelli et al. 2007 , Quinn et al. 2011 ). However, demographic evidence is consistent with spatial segregation and lack of mixing between age-0 walleye pollock off the Gulf side of Kodiak Island (hereafter the Kodiak region) and those in the Semidi inner-and outer-shelf regions, creating a spatial split within year classes that results in a Kodiak contingent and a Semidi contingent. The natal origin(s) of the Kodiak juveniles is unknown, but could reflect local spawning and retention of larvae near shore (Wilson et al. 2005) , downstream transport of larvae and immigration of juveniles from upstream spawning areas in the central GOA (Parada et al. 2016) , or perhaps anomalous larval transport (Kendall & Picquelle 1990 ) and movement of some juveniles from Shelikof Strait. Age-0 juveniles in the Kodiak region are comparatively large (Wilson 2000) and in better condition energetically (Buchheister et al. 2006 ) than their Semidiregion counterparts. This is thought to reflect higher abundance of large, energy-rich krill Thysanoessa spp. (Mazur et al. 2007 ) in the Kodiak region (Wilson et al. 2013) . Among juvenile fish, large individuals are less vulnerable to predation and starvation (Sogard 1997) . Consequently, the Kodiak juveniles may have a size-related survival advantage over their smaller Semidi-region counterparts. Furthermore, contribution to the GOA population from the Semidi regions might be further diminished by downstream dislocation of small individuals due to their slower swim speed (Ryer et al. 2002) and greater exposure to the ACC. Downstream transport can potentially result in substantial loss of age-0 juveniles from the GOA (Parada et al. 2016) . In fact, age-0 abundance in the Kodiak region better predicted subsequent Gulf-wide age-2 abundance than did age-0 abundance farther southwest (Wilson 2000) . Conceivably, spatially split cohorts between the Kodiak and Semidi regions could have important consequences for overall population productivity, stability, and resilience to external forcing, but it might also similarly complicate the determination of nursery value as it did for white perch (Kraus & Secor 2005 , Secor 2007 .
Otolith microchemistry has potential for detecting whether cohorts split between the Kodiak and Semidi regions. Fish inhabiting hydrographically different water masses can often be distinguished (i.e. 'fingerprinted') by otolith microchemistry. The midwater habitat in the Kodiak region is colder and more saline than in the Semidi region due to oceanic influxes and less ACC influence (Stabeno et al. 2004 , Ladd et al. 2005 . Separating these and other water chemistry effects on otolith microchemistry can be difficult due to interaction (e.g. Bath et al. 2000 , Elsdon & Gillanders 2004 , Miller 2009 , DiMaria et al. 2010 ), but our focus on a single species and life stage avoided additional taxonomic (Chang & Geffen 2013) and physiological (e.g. Sturrock et al. 2015) complications. Otolith microchemistry has been used to successfully differentiate geographic groups of juvenile walleye pollock in the Bering Sea (Mulligan et al. 1989 ) and GOA (Severin et al. 1995) . Most recently, Fitzgerald et al. (2004) used laser ablationinductively coupled plasma mass spectrometry (LA-ICPMS) to show geographic differences in otolith strontium:calcium (Sr:Ca), barium:Ca (Ba:Ca), and manganese:Ca (Mn:Ca) ratios. However, these studies did not include hydrographic information and focused on much larger geographic scales than the meso-scale, hydrographic focus of the present study.
We focused on the western GOA, where groups of juvenile walleye pollock inhabit different water masses in proximity and where uncertainty about spatial structure within the population impedes our understanding of their recruitment process. To fulfill our objective of determining whether age-0 walleye pollock from the Semidi and Kodiak regions represent unique groups without mixing (i.e. a spatial split of the age-0 cohort), we tested the null hypothesis of no difference in region-specific otolith microchemistry. When regionally distinct signatures were detected, we estimated the timing and duration of separation. This provided insight into the possible mechanism(s) underlying regional variation in otolith chemistry and responsible ecological processes, and allowed us to estimate region-specific growth rates from differences in body size.
MATERIALS AND METHODS

Study area
The present study was conducted in the western GOA over the continental shelf in the Kodiak region, and in the Semidi inner-and outer-shelf regions (Fig. 1) . These 3 regions are under different hydrographic influences, which we hypothesized would produce distinct effects on otolith microchemistry. These hy dro graphic patterns are driven largely by the ACC, which is a buoyancy-structured, winddriven current (Stabeno et al. 2004 ). Both freshwater input (which provides the buoyancy structure) and winds vary seasonally and interannually (Stabeno et al. 2004 ). The ACC flows down Shelikof Strait and through the Semidi regions, the putative nursery of Shelikof progeny (Fig. 1) . In the Semidi regions, it is evident as a wedge of relatively low-salinity water along the coast (Schumacher & Reed 1986 , Stabeno et al. 2004 , and ACC water has been associated with cross-shelf gradients in the chemical composition of suspended particulates (Feely et al. 1979 , Feely & Massoth 1981 . Consequently, its influence on otolith microchemistry may differ between Semidi innerand outer-shelf regions. In contrast, the midwater habitat of the Kodiak region is comparatively cold and saline due to greatly reduced ACC influence (Stabeno et al. 2004 ) and influxes of oceanic water through sea valleys with subsequent mixing over the shelf (Ladd et al. 2005) .
Field sampling
Hydrographic data and fish were collected in the study area during surveys conducted by the Ecosystems and Fisheries-Oceanography Coordinated In -ves tigations Program of the National Marine Fisheries Service. The survey targets small neritic fishes. The most geographically extensive sampling occurred during 2007 and 2011, when age-0 walleye pollock Gadus chalcogrammus were collected at 36 and 33 sites, respectively. From these collections, samples were selected for the present study using a stratifiedrandom sampling design, with 6 fish from 6 randomly chosen sites per year (2007, 2011) and region (Semidiinner, Semidi-outer, Kodiak) ( Operations were conducted without regard to time of day to collect fish and record water temperature and salinity as described by Wilson et al. (2013) . Briefly, at each site, a small-mesh (3 mm codend liner) Stauffer midwater trawl (Wyllie-Echeverria et al. 1990 ) was fished over an oblique tow path (Wiebe et al. 2015) down to 200 m to collect age-0 walleye pollock. Age-0 walleye pollock were sorted from the catch and frozen (−80°C for 24 h, then held at −20°C) for subsequent examination in the laboratory. SeaBird Electronics (SBE)-19 and SBE-39 profilers were used to record water temperature and salinity over the water depths sampled by the trawl.
Otolith processing and data preparation
Both saccular otoliths (i.e. sagittae) were removed from each fish. Fish were measured for SL to the nearest mm. Otoliths collected in 2007 were extracted using surgical-grade steel forceps, cleaned in distilled de-ionized water (Milli-Q equivalent resistivity of 18 MΩ cm −1 ), and stored dry in airtight vials. Otoliths collected in 2011 were extracted using plastic-tipped forceps to potentially minimize elemental contamination. The right otolith was arbitrarily chosen for chemical analysis.
Otoliths were randomized and prepared for elemental analysis. Each was cleaned ultrasonically in distilled de-ionized water for approximately 10 min, dried for ≥24 h, and embedded in Polytranspar Artificial Water resin. Each embedded otolith was then sectioned in the transverse plane using a Buehler Isomet saw, resulting in sections that were between 0.40 and 0.50 mm thick. Inclusion of the core region (Reed & Schumacher 1986) within each section was later confirmed microscopically. The resulting 204 sections were rinsed with deionized distilled water, dried, and affixed in randomized order to 5 standard microscope slides using Loctite 349. The sections on each slide were then batch-polished with 600, 800, and 1200 grit abrasive paper, and 0.05 µm Buehler Master-Prep alumina suspension to a common thickness (0.3 to 0.4 mm). Slides were then cleaned in distilled de-ionized water for 5 min in a Branson 1200 ultrasonic cleaner prior to elemental analysis. We used LA-ICPMS to measure otolith elemental composition at Oregon State University's WM Keck Collaboratory for Plasma Spectrometry in Corvallis, OR, USA. A Thermo X-Series II Quadrupole ICPMS was coupled with a Photon Machines Analyte G2 laser system. The laser was set at a pulse rate of 7 Hz with a 30 µm diameter spot size and scan speed of 5 µm s −1 . Each slide was loaded in random order into the laser-ablation chamber along with glass (National Institute of Standards and Technology, NIST 612) and carbonate (United States Geological Survey Micro analytical Carbonate Standard, MACS3) standards. The standards were included to correct for variation in instrument sensitivity and ablation rate, and to estimate precision (NIST 612; Pearce et al. 1997 ) and accuracy (MACS3). On each otolith section, 2 transects were ablated: (1) edge, and (2) life history (LH) (Fig. 2) . The edge transect, which provided an estimate of the composition of elements assimilated within the region of capture, was approximately 300 µm in length and always situated along the ventral-distal edge (Fig. 2) to ensure consistent comparisons across individuals. The LH transect extended from the dorsal edge to the ventral edge, passing through the core area in order to ensure adequate sampling of the core and facilitate interpretation. However, only data from the core to the ventral edge are presented. Elemental composition of the standards was measured after every 10 otoliths. Background count rates were measured for 45 s preablation and the system was flushed for 30 s postablation. Count rates of 16 analytes were recorded along all transects:
Pb. NIST glass measurements were used to convert count rates per second (cps) to elemental ratios, relative to Ca, following Kent & Ungerer (2005) and Miller (2007) .
A total of 6 analytes were excluded from further analysis. La were excluded due to cps < 3 standard deviations above background (Thomsen et al. 2003) .
The remaining 10 elements were used in subsequent analyses of otolith chemical composition. Estimates of precision based on measurements of NIST 612 were: Ca (4%), B (17%), Mg (11%), Ti (18%), Mn (7%), Zn (11%), Rb (9%), Sr (4%), Ba (3%), and Pb (8%). The MACS 3 certificate of composition had information for estimating accuracy (± SD) for 7 ratios (n = 18 samples): Mg:Ca (22 ± 0.33%), Ti:Ca (25 ± 0.01%), Mn:Ca (10 ± 0.09%), Zn:Ca (25 ± 0.03%), Sr:Ca (3 ± 1.07%), Ba:Ca (20 ± 0.02%), and Pb:Ca (6 ± 0.03%).
Otolith edge analysis
We tested the null hypothesis of no region effect on otolith edge elemental composition by conducting a permutational multivariate analysis of variation (PER -MANOVA). A PERMANOVA was appropriate as it (1) does not require the data to meet assumptions of normality because it is based on permutations rather than an F-distribution like MANOVA, and (2) allows for the inclusion of covariates, including in this case, fish SL. We used an unbalanced, 4 factorial mixed model in order to test for a region effect while accounting for other potential sources of variation: y = slide + year + region + year × region + site(slide × year × region) + SL (1) where y is the Euclidean distance between otoliths; slide was included as a randomized block (microscope slides 1 to 5); region (Kodiak, Semidi-inner, Semidi-outer) and year (2007, 2011) were included as fixed effects, with an interaction term included to allow regional differences to vary by year; site, a random effect, was nested within slide, year, and region. Fish SL was included as a covariate to account for possible confounding effects on elemental composition. The normalized Euclidean distance between otoliths was based on 4 th root transformed element:Ca ratios. The transformation down-weighted Sr:Ca relative to other element ratios. The PERMANOVA test was followed by permutational analysis of multivariate dispersion (PERMDISP; Anderson 2006) which is analogous to the univariate Levene's test of heterogeneity of variances. All statistical analyses were run using the software PRIMER v7 with PERMANOVA+ add-on (Clarke & Gorley 2015) .
To assess the performance of elemental composition to discriminate region, we conducted a permutational canonical discriminant analysis (CDA). This approach is a constrained ordination technique that finds components that maximize group variability, which is illustrated by ordination diagrams. As we were using a distance matrix, based on element:Ca ratios, the CDA procedure is actually applied to the principal components from a principal component analysis (PCA), and selects the subset of principal components that minimizes the misclassification rate. A cross-validation procedure (leave-one-out allocation of otoliths to regions) then evaluates discriminant function performance (Anderson & Robinson 2003) . Performance was evaluated by the percentage of fish correctly assigned to collection region; model performance was chance-corrected using Cohen's kappa statistic (Titus & Mosher 1984) .
Following the multivariate analyses, we conducted similarity percentage analyses (SIMPER) to evaluate the importance of each element to the average dissimilarity between regions within year (Clarke & Gorley 2015) . This was conducted only for regions whose pairwise differences were significant. To further assess element importance to regional variation, we tested for a region effect on each of the elements that contributed most to the dissimilarity between regions. The univariate tests followed the same procedure as the multivariate tests.
Otolith life-history analysis
We examined the LH-transect data to determine when observed region-specific changes in otolith microchemistry occurred. Three-dimensional (3D) visualizations were constructed using (1) fish collection location and body size, (2) distance from the otolith edge, and (3) element:Ca ratio. As an ex ploratory exercise, we included data from 24 fish collected at 4 additional sites. One visualization was constructed for each of the elemental ratios that differed by region. Distance from the otolith edge was estimated by converting the elapsed time (ms) of each measurement (laser start time = 0 ms) along LH transects to distance (µm) using total transect length and total elapsed time. A 10 µm moving average smoothed element:Ca ratios along transects. To estimate timing of changes in otolith microchemistry, a random subsample of otoliths (n = 10) was selected to estimate mean width of daily growth increments over the outer portion of LH transects following Brown & Bailey (1992) and Wilson et al. (2005) .
RESULTS
Near-surface salinities were lower in the Semidi regions than in the Kodiak region. The water at Semidi-inner sites was on average warmer and fresher than at collection sites farther offshore (Semidi-outer region) and off the Gulf-side of Kodiak Island (Kodiak region) (Fig. 3) Kodiak fish (n = 24, x = 62 ± 1.3 mm) were similar in length to the Semidi-inner (n = 36, x = 62 ± 1.3 mm) and Semidi-outer (n = 36, x = 57 ± 0.9 mm) juveniles. In contrast, during 2011, Kodiak fish (n = 36, x = 96 ± 1.6 mm) tended to be longer than Semidi-inner (n = 36, x = 72 ± 1.0 mm) and Semidi-outer (n = 36, x = 80 ± 1.0 mm) juveniles.
Otolith edge analysis
Regional differences in otolith-edge elemental composition were detected but varied by year. The year × region interaction was significant (PERMANOVA, p = 0.025) ( Table 1) (Table 1) . There was no indication of unequal variance among regions for either year (PERMDISP, p > 0.05). Given that otolith elemental composition differed by region, we next evaluated its performance in discriminating region.
Elemental composition was a good predictor of fish membership to region as indicated by the leave-oneout cross-validation procedure from the CDA. This was evident as separation of regional groups in the associated CDA ordinations for 2007 and 2011 (Fig. 4) correctly assigned 73% of the fish to region (Cohen's kappa = 59% better than chance) ( Table 2) . Fish were as signed most successfully to the Semidi-inner region (86% correct) in association with relatively high Ba:Ca (Fig. 4) . For 2011, overall assignment accuracy was 63% (Cohen's kappa = 44% better than chance) with the highest success for Kodiak fish (72% correct) ( Table 2) in association with relatively high Sr:Ca (Fig. 4) . Given that some elements were apparently more important than others in discriminating region, we next quantified the contri bution of each element to regional differences in elemental composition.
The SIMPER analysis indicated that Sr:Ca, Ba:Ca, and Mn:Ca accounted for 61 to 81% of the dissimilarity in elemental composition between regions. The greatest contribution was from Sr:Ca in 2007 (23−45%) and 2011 (24−30%) followed by Ba:Ca (2007, 13−30%; 2011, 17−21%), and Mn:Ca (2007, 13−17%; 2011, 17−19%) . We next examined the variation of each of these elements at the otolith edge and then along LH transects.
For juveniles collected in the Kodiak region, otolith Sr:Ca was significantly greater than ratios in one or both Semidi regions, depending on year (Table 3 Table 3 . Mean ± SE Gadus chalcogrammus otolith-edge Sr:Ca and Ba:Ca ratios across collection sites (n = 6 for all sites) by region (Kodiak, Semidi-inner, Semidi-outer) and collection year (2007, 2011) . Within each year and ratio, means with different superscripts are significantly different (α < 0.05) based on PERMANOVA post hoc pairwise tests the among-region trend in 2011 was similar, differences between regions were not significant (post hoc, p > 0.05). Consequently, the year × region interaction was significant (PERMANOVA, p = 0.006). The mean ratio of Mn:Ca was highest in the Semidi-inner re gion regardless of year. The year × region interaction was not sig nificant (PERM-ANOVA, p = 0.324); thus, we report means for years combined: Semidi-inner, 0.017 ± 0.003 mg g . A separate plot for each year is shown in Fig. 5 , despite no year × region interaction, simply to illustrate the similarity of regional variation between years. 
Otolith life-history analysis
The most notable feature of the LH trajectories of element:Ca ratios was low Sr:Ca ratios (< 4.3 mg g −1 ) over long segments of the LH transects for 68% of the otoliths. The segment length over which Sr:Ca was low varied between 10 and 330 µm for otoliths in 2007, and between 10 and 770 µm for otoliths in 2011. For 2007, on average, the low Sr:Ca segments of LH transects were situated at 20 to 120 µm from the otolith edge. For 2011, they were situated at 140 to 320 µm. Thus, on average, these segments were closer to the otolith edge in 2007 (Fig. 6 ) than in 2011 (Fig. 7) , when sampling occurred about 1 mo later and fish were larger. There was also an apparent inverse association between Sr:Ca and Ba:Ca, and to a lesser extent, Mn:Ca (Figs. 6 & 7) . When arranged geographically, this 3-element signal was evidently more prevalent in the Semidi regions than in the Kodiak region (hereafter, the Semidi signal). The regional de lineation, however, was not perfect; for example, com pare Sr:Ca trajectories at Sites 'So5' and 'So6' to other Semidiouter sites (Fig. 7) . The overall success of the Semidi signal to discriminate the 204 fish by Semidi and Kodiak regions was 75% (Cohen's kappa = 41% better than chance) and 79% (Cohen's kappa = 53% better than chance) for 2007 and 2011, respectively.
Our estimates of signal timing were similar between years, but the estimated duration of limited population exchange was longer during 2011 than 2007. Mean daily increment width over the outer portion of LH transects did not vary by year (t-test, n = 10, p = 0.65) and averaged (±SD) 6.8 ± 0.53 µm. The date of mean signal formation onset was 22 August 2007 and 20 August 2011 (e.g. the distance from the otolith edge to the mean segment inner endpoint, 320 µm, divided by mean increment width, 6.8 µm, equals 47 d prior to capture in 2011). The approximate duration of limited exchange between the Semidi and Kodiak regions was therefore at least 3 and 7 wk prior to our sampling in 2007 and 2011, respectively. Assuming the regional differences in mean body length among our 204 fish materialized during these periods of limited exchange, we estimate that the Kodiak fish grew approximately 0.16 to 0.51 mm d −1 faster than the Semidi fish (i.e. the difference in mean fish length between regions divided by the estimated number of days of limited exchange).
DISCUSSION
We showed that age-0 juvenile walleye pollock Gadus chalcogrammus collected in different water masses over the GOA shelf could be discriminated with 78 to 79% success based on otolith Sr:Ca, Ba:Ca, and Mn:Ca ratios. We estimate that mixing between these populations was limited for at least 3 and 7 wk prior to capture in 2007 and 2011, respectively, and likely reflects recent differences in ambient conditions. If these groups were segregated earlier in their life history, such as due to divergent natal origin or transport of larvae, it was not evident in otolith chemistry, potentially due to similar ambient conditions regardless of proximity. The pronounced, common occurrence of the Semidi signal (low Sr:Ca, and high Ba:Ca and Mn:Ca) in the outer portions of the otoliths for Semidi but not Kodiak juveniles was indicative of a spatial split between these groups beginning in late August in the 2 years sampled. Our estimated Semidi−Kodiak differences in growth rate were slightly higher than bioenergetics-based estimates (0.02 to 0.37 mm d −1
; Wilson et al. 2013) . We recognize that these estimates are sensitive to regional differences in fish size prior to our sampling. The low end of the range can be attributed to small fish size during 2007. Small fish may not benefit from residing in the krillrich (Thysannoesa spp.) Kodiak habitat (Wilson et al. 2013) due to their mouth gape limitations (Brodeur 1998) and the large size of krill relative to most other prey (Wilson et al. 2011) . Thus, limited exchange between regions of different habitat quality can reasonably explain the different demographics observed between the Semidi and Kodiak populations.
The proximate cause of the Semidi signal is unclear, but likely relates to water properties more than to body size or diet. Size does not explain the absence of the Semidi signal from the Kodiak fish, which were as big as or bigger than Semidi fish. Furthermore, although the diets of Semidi and Kodiak fish differ (Wilson et al. 2013) , diet is thought to have only a minor effect on otolith chemistry (Chang & Geffen 2013) . While water chemistry, temperature, and salinity are the likely cause, interactions among them (e.g. Bath et al. 2000 , Elsdon & Gillanders 2004 , Miller 2009 , DiMaria et al. 2010 ) and our lack of data on seawater chemistry prevent further resolution of the specific cause.
The greater influence of the ACC in the Semidi regions is evident in the hydrographic differences between the Semidi and Kodiak regions. Vertical profiles of water temperature and salinity in the Semidiinner and Semidi-outer regions indicated the presence of a warmer, low-salinity wedge of ACC water, similar to previous observations (Schumacher & Reed 1986) . Freshwater inputs to estuaries and sub sequent mixing into the ACC could increase Ba:Ca ratios (Guay & Falkner 1997 , Yamamoto-Kawai et al. 2010 (mg g -1 )
(mg g -1 )
Ba:Ca
Mn:Ca and may decrease Sr:Ca ratios (Brown & Severin 2009 ). It is unclear whether up welling causes localized Ba:Ca enrichment in the GOA, although localized upwelling was reflected in the timing and location of enriched otolith Ba:Ca in juvenile rockfish Sebastes jordani off California (Woodson et al. 2013 ). While Mn:Ca contributed to regional variation in otolith chemistry, this is difficult to explain because the mechanisms governing its incorporation are poorly understood (e.g. Miller et al. 2006 , Miller 2009 ). We suggest that the position and extent of the Semidi signal in otoliths reflect the exposure schedule of age-0 juveniles to ACC water. This would depend on their geographic location, their vertical position in the water column, which varies over diel (Brodeur & Wilson 1996b ) and seasonal (Brodeur & Wilson 1996a ) temporal scales, and the depth and extent of the wedge of ACC water (Schumacher & Reed 1986 ). We acknowledge, however, that otolith elemental composition varied within region, which warrants further investigation. Until the underlying mechanism is better understood, we caution against future assumptions that similar regional differences in otolith chemistry will occur within other cohorts. Spatial contingents of age-0 walleye pollock in the Semidi and Kodiak regions could possibly buffer the western GOA population against regional effects on retention and survival. The Semidi regions are the putative nursery for juveniles spawned by the very large aggregation of adults in the Shelikof sea valley and they are exposed to the ACC. As such, their role as a nursery may suffer from density-dependent mechanisms (e.g. Duffy-Anderson et al. 2002) and transport-related losses. Coastal currents have long been associated with marine fish movements (Secor 2015) . Off the Norwegian coast, year-class strength of spring spawning herring Clupea harengus appears to benefit from long-distance transport in the Norwegian Coastal Current to Barents Sea nurseries (Skagseth et al. 2015) . In the western GOA, downstream movement of age-0 juveniles through the Semidi regions reflects southwestward ACC-related transport (Hinckley et al. 1991) . Given the overlap between age-0 juvenile cruising speeds (1 to 2 body length s −1 ; Ryer et al. 2002) and ocean current net velocities (3 to 28 cm s −1 ; Schumacher & Reed 1986) , years of high summer flow or poor growth might reduce the proportion of fish able to remain in favorable local habitat (e.g. Wilson 2009 ) while increasing the proportion advected far downstream and perhaps exported from the GOA (Parada et al. 2016) . It is noteworthy that the abundance of yearlings in the Shelikof sea valley, which abuts the Semidi regions, is a good predictor of yearclass strength (McKelvey 1996 , Dorn et al. 2015 , perhaps further underscoring the importance of local retention to GOA recruitment.
The favorability of local habitat depends at least partly on nutrient and prey influxes that stimulate productivity and supplement the community of zooplankton consumed by age-0 walleye pollock. Nutrient enrichment can occur when nutrient-rich oceanic water enters sea valleys that transect the shelf and becomes vertically mixed in coastal areas (Ladd et al. 2005) . The deep-sea valleys are also associated with relatively high population density of krill (e.g. Wilson 2009 ), which are an energy-rich, preferred prey of age-0 walleye pollock , Mazur et al. 2007 ). The colder, more saline midwater habitat across the shelf in the Kodiak region, as compared to the Semidi regions, reflects greater oceanic influence. This has been associated with a relative abundance of large krill, and food-related benefits (i.e. krill-rich diet, large body size) to age-0 walleye pollock (Wilson et al. 2013) . Additionally, Kodiak is the only region we know of that supports summer-spawned age-0 juveniles (Wilson et al. 2005) , but the natal origin of these and the more abundant spring-spawned juveniles remains unknown. Nevertheless, spatial and temporal splitting of cohorts during the juvenile stage is of recognized importance in bet-hedging against local adverse environmental effects on fish survival (Secor 2007 (Secor , 2015 . A next step to re solving the importance of possible contingent structure would be to determine whether a disproportionate number of the yearlings and adults in the Shelikof sea valley exhibit the Semidi signal in their otolith microchemistry, and whether adults in the Kodiak region do not exhibit the signal. In other words, our future objective is to determine the nursery value of each region to each adult spawning aggregation (e.g. Kraus & Secor 2005) . In the coastal North Atlantic Ocean, another gadid, Atlantic cod Gadus morhua, exhibits meso-scale spatial structuring to a degree that results in genetic structure (e.g. Smedbol & Wroblewski 2002 , Jorde et al. 2007 , André et al. 2016 ). To our knowledge, evidence of meso-scale spatial structure in population genetics or complex be havioral mechanisms such as philopatry (e.g. Secor 2015) have not been well examined for walleye pollock in the western GOA.
Our measurements integrated across multiple daily growth increments, reducing the temporal resolution of our results. Ablation depth and laser spot size can cause integration over the 3D structure of otolith growth increments (Hoover & Jones 2013) . Curvature of growth increments over the depth of the ab -lation track was not apparent; however, effective laser spot size resulted in integration over approximately 7 daily growth increments (i.e. 1 wk). Postablation microscopic inspection indicated that the effective width and depth of ablation tracks was approximately 50 and 20 µm, respectively. While 50 µm is large relative to the minimum length of the Semidi signal (10 µm), it is small relative to the maximum length, and only 0.3 to 0.5 times the average length. Thus, while LA-ICPMS inherently reduced our temporal resolution, it did allow for signal detection and provided element:Ca ratios that were similar to those reported previously for juvenile walleye pollock (Severin et al. 1995 , Fitzgerald et al. 2004 .
In summary, a chemical signature in otolith Sr:Ca, Ba:Ca, and Mn:Ca (i.e. the Semidi signal) enabled 78 to 79% successful discrimination of individuals in the Semidi regions from those off the Gulf side of Kodiak Island. We estimate that exchange between these populations was limited for at least 3 and 7 wk prior to capture in September 2007 and October 2011, respectively. This spatial splitting of cohorts be tween habitats of differing quality can reasonably explain observed demographic differences. The low Sr:Ca and high Ba:Ca ratios of the signal might reflect fish schedules of exposure to ACC water, but additional information is needed. We hypothesize that spatial splitting of cohorts between the Semidi and Kodiak regions confers resilience to GOA walleye pollock against environmental conditions that adversely affect local retention and recruitment. Finally, by demonstrating that otolith chemistry differs between the Kodiak and Semidi regions, we now have a tool to address questions about contingent structure within the overall GOA walleye pollock population and perhaps determine the nursery value (Kraus & Secor 2005 ) of the Kodiak and Semidi regions with regard to each of the many spawning populations.
